The monofunctionalized cyclohexasilanes XSi 6 Me 11 [X = -OH (2); -NH 2 (3)] are easily accessible from XSi 6 Me 11 and H 2 O/Et 3 N or NH 3 , respectively. The crystal structure of 2 as determined by single crystal X-ray crystallography exhibits the cyclohexasilane ring in chair conformation with the OH group in an unusual equatorial position due to intermolecular hydrogen bonding. Full geometry optimization (B3LYP/6-31+G * ) of the gas-phase structures of 2 and 3 affords six minima on the potential energy surface for chair, twist and boat conformers with the heterosubstituents either in axial or equatorial positions all being very close in energy. According to time-dependent DFT B3LYP/TZVP calculations contributions of several conformers to the observed solution UV absorption spectra of dodecamethylcyclohexasilane (1), 2 and 3 need to be considered in order to achieve satisfactory agreement of calculated and experimental data.
Introduction
In oligo-and polysilanes delocalization of σ (Si-Si) electrons over a network of silicon atoms gives these molecules a variety of properties reminiscent of conjugated organic π electrons [1] , such as unusually long-wavelength UV absorption maxima, low ionization energies, non-linear optical behavior [2] , fluorescence [3] or photochemical activity. σ -Delocalization in Si-Si-bonded compounds has also been treated theoretically on various levels of theory including simple Hückel, semiempirical, ab initio and DFT methods [4] . In addition, pronounced substituent effects on polysilane properties, such as bathochromically shifted UV/Vis absorption maxima are observed, when unsaturated organic side groups like phenyl, vinyl or acetylene moieties or atoms with π-symmetric lone pairs of electrons like halogens, O or N are linked directly to the Si-Si framework [5] .
A series of recent investigations revealed, that the UV/Vis absorption spectra and other photophysical 0932-0776 / 09 / 1100-1598 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com properties of open-chained polysilanes are additionally influenced by the silicon backbone conformation [6] . Since oligo-and polysilanes like the permethylated derivatives Si n Me 2n+2 are present as mixtures of rapidly interconverting conformational isomers at least at room temperature, several conformers with distinct spectral properties usually contribute to the "normal" absorption in solution [7] . According to a recently published Raman spectroscopy and DFT study [8] on the conformational composition of dodecamethylcyclohexasilane (1) detecting three stable conformers of the permethylated cyclohexasilanyl ring, a similar situation may be encountered in the UV absorption spectra of other cyclic polysilanes.
Herein we report on the computational assignment of the solution UV absorption spectra of 1 using time-dependent DFT. Furthermore, the structural properties and UV/Vis absorption characteristics of the monofunctionalized derivatives Si 6 Me 11 OH (2) and Si 6 Me 11 NH 2 (3) will be presented in order to explore the impact of the heterosubstituents on the cyclohexasilane framework.
Results and Discussion

Synthesis
Hydroxyundecamethylcyclohexasilane (2) has already been prepared in 1989 by the hydrolysis of BrSi 6 Me 11 [9] , but no crystal structure has been published so far. In the present paper 2 was synthesized using a slightly modified procedure starting from ClSi 6 Me 11 under employment of Et 3 N as an auxiliary base in order to obtain higher yields (Eq. 1). (1) Compound 3, the first cyclosilane derivative containing an NH 2 group directly attached to silicon, is easily prepared in yields > 90 % from ClSi 6 Me 11 with an excess of anhydrous NH 3 (Eq. 2). (2) Care has to be taken in the course of the synthesis to avoid even traces of moisture, because 3 is easily hydrolyzed to give the corresponding silanol 2 as an impurity, which cannot be separated from the desired product. Ring scission or condensation reactions in the course of the synthesis of 3 by loss of NH 3 to give silazanes do not cause any problems. Crystals of 3 can be stored at room temperature for several weeks without any noticeable decomposition. Analytical data (see Experimental Section) obtained for 3 are consistent with the proposed structure. Attachment of the NH 2 group to the cyclohexasilanyl ring causes a marked downfield shift of the α-Si resonance line relative to Si 6 Me 12 [10] by 27.2 ppm in the 29 Si NMR spectrum.
Structural Characterization
Compound 3 crystallizes in a monoclinic space group with nearly identical cell parameters as recently obtained for 1 [11] . Unlike the OH group in 2 the NH 2 group in 3 turned out to be disordered over all twelve possible positions. Thus, a satisfactory solution and refinement of the crystal structure was not possible. Compound 2 is rather reluctant to crystallize. Lowtemperature recrystallization of 2 from pentane eventually afforded colorless crystals suitable for X-ray crystal structure analysis. The crystals, grown very slowly over a few months at −30 • C, undergo a phase transition upon warming to room temperature. At room temperature, 2 is a waxy, colorless solid. Therefore, the crystal structure was determined at 100 K, after the crystal was mounted at −50 • C. A drawing of the molecular structure of 2 is shown in Fig. 1 together with a listing of selected bond lengths and angles.
Compound 2 crystallizes in the monoclinic space group P2 1 /c with three independent molecules in the asymmetric unit. The cyclohexasilane ring adopts a slightly distorted chair conformation. Average Si-Si distances of 2.344Å are close to the one in elemental silicon of 2.35Å, and to those of related cyclohexasilane derivatives [12] . Compound 2 exhibits an unexceptional Si-O bond length of 1.671Å, which is close to the average Si-OH distance for silanols of 1.64Å [13] and nearly identical to the Si-O distance in 1,3-and 1,4-(HO) 2 Si 6 Me 10 [12b -d] . This value is markedly shorter than the Si-O bond length of 1.77Å estimated from the sum of the covalent radii of silicon and oxygen, what at least in part can be attributed to the polarity of the Si-O bond [14] . Due to the presence of the OH substituent the Si(1)-C(1) bond is also Fig. 2 . Molecular aggregates formed by three crystallographically independent molecules of 2 (hydrogen atoms omitted for clarity, except for O-H). Oxygen atoms are associated to form a triangle due to intermolecular hydrogen bond-
significantly shortened by 0.017Å as compared to the average Si-C bond distance of 1.887Å observed for the residual Si-C bonds. This feature is also apparent in the calculated gas-phase structures of 2 mentioned below.
The geometry around the silicon atoms of 2 is approximately tetrahedral. The average Si-Si-Si bond angles are close to the respective angles found in other cyclohexasilane structures [12, 15] . The OH substituent in 2 occupies an equatorial position at the cyclohexasilane ring, what is atypical for small heterosubstituents attached to the Si 6 cycle. The reason for this unusual feature can be found in the packing of the individual molecules. The asymmetric unit of 2 contains three individual molecules, oriented in a propeller-like fashion around a triangle of oxygen atoms, which are linked to each other via hydrogen bonds (Fig. 2) . For steric reasons this solid-state structure can only be adopted with equatorial OH groups.
It is interesting to compare the structure of 2 with that of 1,3-(HO) 2 Si 6 Me 10 [12c]. In crystals of the latter, the molecules are linked by intermolecular O→H bonds to infinite chains, due to the presence of axially placed OH groups. Hydrogen bonding in solid 2 is also reflected by the infrared O-H stretching fre- quency values. IR spectra of 2 recorded in diluted CCl 4 solution exhibit a sharp peak at 3680 cm −1 typical for free Si-OH groups, while in the solid-state spectrum (recorded as a KBr pellet) a broad peak at about 3420 cm −1 dominates, characteristic for hydrogenbonded Si-OH [16] .
UV Spectra and assignment
The UV absorption spectra of 1, 2 and 3 ( [19] . UV absorption maxima of highly polymeric alkoxy-substituted polysilanes were also found to be red-shifted relative to their alkyl-substituted analogs [20] .
The low-energy absorption bands appearing in the UV spectra of permethylcyclopolysilanes (SiMe 2 ) n are generally assigned to σ →σ * -type excitations of highly delocalized Si-Si σ electrons within the Si-Si backbone [21] . In order to achieve a tentative assignment of the low-energy UV absorption bands, compounds 1 -3 were treated theoretically using density functional methods. Figs. 3, 5 and 6 show the DFT (B3LYP/6-31+G * )-optimized geometries, relative energies and time-dependent DFT B3LYP/TZVP UV low-energy absorption bands.
Compound 1 exhibits three minima on the potential energy surface corresponding to the chair, twist and boat conformations with relative energies of 0.0, 7.8 and 11.4 kJ mol −1 , respectively (Fig. 3) . Due to these small energy differences and to the low barriers of internal rotation usually observed around Si-Si bonds, all conformers should be reasonably populated at room temperature and, therefore, contribute to the experimental properties. This expectation is fully confirmed by recent Raman spectroscopy studies showing contributions of at least two conformers to the experimental spectra recorded in solution at room temperature [8] .
Experimental UV absorption data of 1 are also consistent with contributions of several conformational isomers to the shape of the overall spectrum (Fig. 4) . The longest-wavelength absorption band attributed to the HOMO→LUMO transition in twist-and boat-1 is calculated at 251.6 and 254.4 nm, respectively, perfectly in agreement with the absorption maximum of the experiment (258 nm). In the chair conformer (D 3d symmetry) the HOMO→LUMO transition is symmetry forbidden. Thus, the first observable absorption bands are predicted close to the experimental 232 nm maximum at 234.7 nm and 234.5 and assigned to HOMO-1→LUMO and HOMO-2→LUMO transitions, and the experimental spectrum is a nearly perfect superposition of the calculated spectra of the individual conformers.
The monosubstituted derivatives 2 and 3 both exhibit six local minima (Figs. 5 and 6 ). Conformers with the cyclohexasilanyl ring in a chair comformation are generally predicted to be more stable than the corresponding twist or boat forms. An axial position of the heterosubstituent turned out to be energetically favored with respect to an equatorial site. Calculated energy differences are small paralleling the results obtained for Si 6 Me 12 . Contributions of several conformers to the UV absorption spectra, therefore, need to be invoked also in the case of 2 and 3 in order to achieve a correct assignment of the observed absorption maxima.
The band at 270 nm observed in the experimental spectrum of 2 is straightforwardly assigned to the HOMO→LUMO transition in the twist and boat conformers calculated at 264.4, 261.6 and 263.8 nm, respectively, while the broad second maximum appearing at 234 nm can be attributed primarily to contributions of the axial and the equatorial chair conformers, where a zero transition moment is calculated for the HOMO→LUMO transition, causing a significant shift of the longest-wavelength absorption bands (HOMO-1,2→LUMO transitions) to 245.8, 242.2, 241.6 and 235.7 nm, respectively (Fig. 7) .
Due to considerable interactions of the nitrogen lone pair of electrons with the permethylated cyclohexa- silanyl ring twelve non-forbidden electron transitions with excitation wavelengths > 220 nm are calculated for the six conformers of 3 giving rise to a poorly resolved experimental absorption spectrum (Fig. 8) . In this case the HOMO→LUMO transition in the equatorial chair and two of the twist conformers are predicted to contribute to the longest wavelength absorption band near 280 nm.
Substituent effects as apparent in the absorption spectra of 1 -3 are consistent with earlier interpretations in terms of σ -n interactions between the lone pair of electrons on the heterosubstituent and the Si-Si backbone electronic structure, leading to a potential reduction of the HOMO-LUMO gap [18, 22] . This picture is fully supported by our computational results, as demonstrated by the shape and energy of the calculated frontier orbitals involved in the longest-wavelength electron transitions of 1 -3 (Fig. 9) .
In all cases an electron is excited from the HOMO with predominant σ (Si-Si) contribution, which is delocalized over the cyclohexasilanyl framework, to a LUMO with high σ * (Si-Si) character. The corresponding MO's of 2 and 3 additionally exhibit contributions of substituent lone pairs giving rise to significant reduction of the HOMO-LUMO gap from 26 nm red shift of the longest-wavelength UV absorption.
Conclusion
In summary, we have experimentally and theoretically investigated the structural and UV absorption characteristics of OH-and NH 2 -substituted permethylcyclohexasilanes. At first it has been found that hydrogen bonding via the O-H groups can link the molecules into a cyclic trimer and thus to a considerable extent can influence the solid-state structure of otherwise unpolar molecules like cyclohexasilanol 2. Furthermore, our results offer computational evidence that the experimental UV absorption spectra of cyclic oligosilanes also exhibit contributions of several conformers with very similar energies just as found earlier for their open-chained counterparts. Finally it has been shown that effective mixing of σ (Si-Si) and substituent lone pair orbitals are responsible for the substituent effects apparent in the UV absorption spectra of permethylcyclohexasilane derivatives.
Experimental Section
All experiments were performed under a nitrogen atmosphere using standard Schlenk techniques. Solvents were dried using a column solvent purification system [23] . NH 3 was dried by passing it through KOH and subsequent condensation onto Na. The cyclohexasilane derivatives Si 6 Me 12 [24] , and ClSi 6 Me 11 [5f] were synthesized as previously 
Hydroxyundecamethylcyclohexasilane (2)
A mixture of 8.24 g of Et 3 N (81.5 mmol, 1.5 eq.), 50 mL of THF and 40 mL of H 2 O was added to a solution of 20.06 g of ClSi 6 Me 11 (54.31 mmol) in 100 mL of THF at 0 • C over a period of 1 h. The resulting mixture was allowed to warm to room temperature and stirred for another 3 h. After separation of the phases and extraction of the aqueous layer with three 30 mL portions of petroleum ether, the combined organic phases were dried over Na 2 SO 4 . Subsequent removal of the solvents and excess Et 3 N in vacuo afforded 18.2 g of a crude product, which was purified by sublimation at 120 • C (0.02 mbar) to give 12.7 g (67 %) of 2 as a colorless, waxy solid. - 29 Si NMR (C 6 D 6 , ext. TMS): δ = 13.63, −42.34, −42.74, −44.00 consistent with literature [9] .
Aminoundecamethylcyclohexasilane (3)
Thoroughly dried NH 3 gas was slowly passed through a solution of 4.0 g (10.8 mmol) of ClSi 6 Me 11 in 150 mL of pentane at r. t. for approximately 1 h, and subsequently stirred for an additional hour until complete conversion was achieved (reaction monitored by GC/MS). Filtration and removal of the solvent in vacuo gave 3.8 g of colorless crystals, from which 3.5 g (92 %) of pure 3 could be obtained by recrystallization from pentane at −70 • 
Computational Methods
Structures were optimized at B3LYP/6-31+G * level using the GAUSSIAN 03 program package [25] . Analytical frequency calculations ensured the nature of the stationary points. The minima have only real frequencies while transition structures have exactly one imaginary frequency. For the electronic absorption spectra time-dependent B3LYP/TZVP calculations were performed with the program TURBOMOLE 5.7.1 [26] . Relative energies given include zero point vibrational energy (ZPVE) corrections.
X-Ray structure determination
Crystals of 2 were grown by cooling a pentane solution slowly to −30 • C. A suitable single crystal was mounted onto the tip of a glass fiber at −50 • C, and data collection was performed with a Bruker AXS Smart Apex CCD diffractometer using graphite-monochromatized MoK α radiation (λ = 0.71073Å). Crystal data and details of the data collection and structure refinement are summarized in Table 2. The data were reduced to F 2 o and corrected for absorption effects with the programs SAINT and SADABS [27] . The structure was solved by Direct Methods and refined by fullmatrix least-squares (SHELXL-97 [28] ). All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms H(1), H(2) and H(3) belonging to the hydroxyl groups could be located in a difference fourier map and were subsequently refined with a restrained O-H distance of 0.84Å (SHELXL-97). All other hydrogen atoms were calculated to correspond to standard bond lengths and angles.
CCDC 734163 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
